Abstract Vitrification is the most effective method of hazardous waste immobilization. Toxic elements are incorporated into a glass structure. Iron alumino-phosphate glasses are presently being considered as a matrix for storage of a radioactive waste which cannot be vitrified using conventional borosilicate waste glasses. Influence of Na 2 SO 4 as a one of components such the waste on thermal properties and crystallization ability of 60P 2 O 5 -20Fe 2 O 3 -20Al 2 O 3 glass was studied. It was observed that Na 2 SO 4 decreases transformation temperature and increases DC p . The glass characteristic temperatures, glass crystallization ability and crystallizing phases were determined. Na 2 SO 4 increases the glass crystallization ability which could be related with DC p heat capacity accompanying glass transition changes. The glass internal structure rebuilding accompanying the sodium content increase is considered. The obtained results were compared with structural model previously developed for 60P 2 O 5 -40Fe 2 O 3 glass and showed the structural similarity between these glasses.
Introduction
Vitrification is the most effective method of the hazardous waste immobilization. Toxic elements are incorporated into glass structure. Borosilicate glasses are of common use in nuclear waste immobilization procedure. Lately, glasses from Fe 2 O 3 to P 2 O 5 system are of the great interest, for scientific reason and because they are considered as a highcapacity matrix for storage of radioactive waste [1, 2] . The worldwide used borosilicate glasses for nuclear waste vitrification are not suitable for immobilization of high content molybdenum, chromium or salt waste because of the low solubility of these compounds in the borosilicate glass. However, most phosphate glasses have a low chemical durability [3] [4] [5] , but iron as a glass component significantly increases it. The highest chemical durability has among others 60P 2 O 5 -40Fe 2 O 3 (Fe/P = 0.67) glass. All of them have an O/P ratio of over 3 and are classified as polyphosphate glasses [6] . There are indications that iron strengthens the chemical bonds in the glass structure making their properties comparable or even better than those of borosilicate [1, 2] .
Besides their excellent chemical durability, iron phosphate glasses have the melting temperature about 100-200 K lower than borosilicate glass, and also due to lower viscosity of the melts, their homogenization time is more than 4 times shorter [7] .
Iron phosphate glasses are now considered for a vitrification of waste containing relatively high concentration of actinide elements, high concentration of sodium, caesium sulphate and chloride, chloride waste from pyrochemical reprocessing of Pu metal and waste containing various metals, radioactive ceramics, polymers or carbon [1, 8, 9] .
The local structure of iron in these glasses is complicated by the fact that depending on conditions of the synthesis, and the glass may contain variable amounts of Fe 2? ions. It leads to extremely complex crystallography of the iron phosphate system which is composed of over 20 different crystalline phases in which iron can be present in both valence states and coordination numbers to oxygen from 4 to 6. Several structural models of the iron phosphate glasses exist in literature [10] [11] [12] [13] .
It is worth to mention that in iron phosphate glasses, part of iron is always in ferrous state with its amount depending on the synthesis conditions from about 10 to even 100 %. On the other hand, during studies on immobilization of caesium, there were obtained glasses with almost only ferric iron but with some Cs 2 O content. The structure of these glasses does not change with Cs 2 O content up to about 22 mol%, but above this threshold some structural changes are observed [14, 15] . Analogously, investigations on immobilization of Na 2 SO 4 in similar glasses showed an increase in stability of the glass structure up to about 30 mol% and rebuilding it for higher contents of Na 2 O [16] .
Taking all of these into account, in the present paper the influence of Na 2 SO 4 as a one of the salty waste components on the thermal properties and glass stability against crystallization of 60P 2 O 5 -20Fe 2 O 3 -20Al 2 O 3 glass were studied. The structural aspects of the high capacity of salt waste incorporation are considered as well. [17] . Batches were melted for 2 h at 1473 K in Al 2 O 3 crucible in an electric furnace with the furnace atmosphere as close to natural as possible. The melt was vitrified by casting onto steel plate and crushed into 0.3-0.1 mm grain size. Chemical composition of the obtained glass was check by XRF method, and in experimental error, limit range was the same as assumed. The glass frit was mixed with Na 2 SO 4 (used as a waste simulator) and remelted at 1473 K for 2 h. Na 2 SO 4 to the glass ratio was x = 10, 20, 30, 40, 50 mol%. The glasses were prepared in the similar conditions like in [16, 18] which could lead to assumption that approximately 30 % of iron was reduced to Fe 2? [18] . Samples were designated as PFAS10, PFAS20, PFAS30, PFAS40 and PFAS50, respectively (Table 1) .
Experimental
Heating microscopy thermal analysis was carried out using compacted powder samples of cubic shape. Powdered samples prepared by milling of bulk samples in a ball mill were wetted in ethanol and compacted to cubes of 3 9 3 9 3 mm by a hand press. The changing of the samples shape was conducted by Carls Zeiss MH01 microscope at heating rate of 10 K min -1 . Data of the sample height were collected at intervals of 10 K during the experiment, and shrinkage curves were obtained. The beginning of sintering process temperature T s as the onset of densification was determined from the shrinkage curve. The half sphere temperature T hs which was the temperature at which the height of the sample was half the width of the base and the flow temperature T f which was the first temperature at which the sample is melted to a third of its original height were observed.
Glass transformation temperature T g at the half of the heat capacity step on DSC curve, crystallization T c as the onset of the first crystallization peak and liquidus T L as the onset of the first melting peak temperature were measured by differential scanning calorimetry (DSC) method at the heating rate of 10 K min -1 . Measurements were carried out using Netzch STA 449 F1 Jupiter, operating in the heat flux DSC mode. Powdered glass samples weighing 60 mg were heated in Al 2 O 3 crucibles at a rate of 10 K min -1 in a dry air atmosphere up to 1350 K. Characteristic temperatures of the glass transformation effects and changes of specific heat at T g were determined applying the Netzsch Proteus Thermal Analysis Program (version 5.0.0.).
Crystallization of the glasses was checked by heating the powdered samples by 2 h at T c temperature of exothermic DSC peak. Phase composition of the samples was investigated by X-ray diffractometry (XRD) using DRON 1.5 apparatus and Cu Ka radiation, and the measured spectra were analysed using X'Pert HighScore Plus software. The obtained spectra were fitted using Rietveld method, and semiquantitative analysis of crystallizing phases were done.
Results

Heating microscopy of the glass waste mixtures
The sintering and the half sphere temperatures of the glass waste mixtures were determined using heating microscopy. The measured shrinkage curves are presented in Fig. 1 , and the obtained temperatures are collected in Table 2 . The mixtures start sintering about 1200 K, and increase in the simulated waste content decreases the sintering temperature even to about 1100 K. The melting process starts over 1400 K for low waste content and is considerably decreased to about 1200 K for the high waste loadings.
Heating microscopy of the glasses
The sintering, the half sphere and the flow temperatures of the studied glasses were determined using heating microscopy. The measured shrinkage curves are presented in Fig. 2 , and the obtained characteristic temperatures are collected in Table 3 .
It is interesting to notice that all the characteristic temperatures are increased with Na 2 SO 4 up to 30 mol%, and then, the opposite effect is observed.
DSC analysis of the glasses
The effect of addition of the Na 2 SO 4 to the iron aluminophosphate glass on its thermochemical properties is demonstrated by the DSC curves. An exemplary DSC curve for the samples containing 10, 30 and 50 mol% of sodium sulphate is presented in Fig. 3 .
All the samples show the transformation step which is increasing with Na 2 SO 4 content and follows to the increase in the value of molar heat capacity change DC p accompanying the glass transformation. Just behind there appears an exothermic effect of crystallization which is being stronger Table 3 Sintering T s and half sphere T hs and flowing T f temperatures of the glasses when sodium is added, and the highest peak is observed for the PFAS30 sample. Further increasing of Na 2 SO 4 content leads to decrease in the crystallization effect. After the crystallization peak, melting of the glasses occurs as an endothermic effect on the corresponding DSC curves. The similar curves are observed for the rest of the measured samples. The transformation, crystallization and melting temperatures of the investigated materials are presented in Table 4 . Influence of the Na 2 SO 4 content on transformation temperature T g and the molar heat capacity DC p accompanying the glass transformation is presented in Fig. 4 .
The T g temperature is linearly decreased, and the DC p value is growing linearly with increasing sodium content in the glass (Fig. 4.) .
The Na 2 SO 4 incorporation leads to growth of Na 2 O content and increases the change in the specific heat capacity DC p accompanying the glass transformation (Fig. 4b) . As was mentioned previously [19, 20] , DC p value can be an indicator of a degree of the structural changes accompanying the transformation, such as number and strength of the broken bonds and rearrangement of structure constituents. The DC p value is related to the change in entropy accompanying glass transition and at the same as the structure rebuilding degree indicator [21] .
One of the important parameters in case of waste vitrification is a thermal stability of a vitrified product. There exists in a literature number of different glass stability criterions, e.g. [22] [23] [24] [25] [26] , and a nice comparison between them for iron phosphate glasses is given in [27] , and most of those criterions show the similar dependence on glass composition. In case of iron phosphate glasses, one of the most frequently used is Hruby criterion, and therefore, the glass stability of the investigated materials was evaluated using it [16, 27] . According to [22] , the higher K H value, the greater would be its stability against crystallization. The K H values were evaluated according to the formulae:
The obtained K H parameters are summarized in Table 4 and Fig. 5 .
All of the investigated glasses evidenced a quite good thermal stability comparable with conventional silicate glasses for which K H value varied from 0.14 to about 1.3 [16, [27] [28] [29] [30] . The increasing Na 2 SO 4 addition causes decrease in the K H parameter which means lowering the glass stability against crystallization and at the same ability of glass to vitrify on cooling [30] . The lowest K H value is Enthalpy of crystallization calculated from DSC curves exothermic peak area is growing up rapidly with Na 2 SO 4 content, but above x = 30 mol% is falling down (Fig. 6 ) which could suggest the change in the crystallization mechanism above the Na 2 SO 4 30 mol% content.
XRD analysis
The XRD patterns of the compounds crystallizing in PFAS10, PFS30 and PFS50 glasses at T c temperature indicated by the DSC are presented in Fig. 7 and Table 5 .
Two main crystalline phases formed in the glasses of low concentration of sodium are berlinite type (Fe,Al)PO 4 phase and sodium-containing compound Na(Fe,Al)P 2 O 7 . The second phases crystallize at the cost of (Fe,Al)PO 4 whose quantity decreases with increasing Na 2 SO 4 content and disappears for sodium sulphate content higher than 30 mol%. Further increasing sodium concentration leads to crystallization of sodium-rich phase such as Na 3 (Fe,Al) 2 (PO 4 ) 3 .
Generally, in iron phosphate glasses, composition of the crystallizing compounds depends on the glass composition, heat treatment, atmosphere in furnace and the Fe 2? /Fe 3? ratio. Phases formed in the glasses investigated here are similar to those observed in case of crystallization caesium [14] and sodium iron phosphate glasses [16] [17] [18] . It should be also noticed here that in case of high concentration of Na 2 SO 4 in the glass (above 30 mol%), the crystallization peak (Fig. 3) is complex indicating that more stages of glass structure rebuilding take place during the glasses crystallization. This is supported by previous studies of similar glasses in which change in crystallization mechanism is proposed for high Na 2 SO 4 content [16] .
Discussion
Based on structural model of 60P 2 O 5 -40Fe 2 O 3 , glass is proposed in [13] . The glass is build of small rings of [PO 4 ] and [FeO 4 ] tetrahedral which are joined together in a similar way like in crystalline a-FePO 4 , whose crystal structure is the same as berlinite (AlPO 4 ). The reducing conditions of the melt change a part of ferric iron to ferrous which can lead to breaking some of the rings and changing the role of iron from a network former to a network modifier. In the proposed model, Fe 2? ions can behave as typical glass network modifiers joined to non-bridging oxygen atoms and cross-link glass chains and increase the stability of the glass structure [13] . According to the model, the [FeO 4 ions increases stability and binding energy of the structural units proposed in the model thus increasing the glass melting temperature with increasing Na 2 O content which was observed experimentally [14, 16] . Higher concentration of Na 2 O causes that the chains built of the structural units break and separate themselves, which can be observed as a rebuilding of the glass structure [13] .
In the chain structure of metaphosphate Na 2 O-Al 2 O 3 -P 2 O 5 glasses, Al 3? has CN 6 and together with Na ? alternatively saturates the charge of the non-bridging oxygen's in the phosphate chains. Similar Al and Na arrangements appear in pyrophosphates glasses from this system. In the orthophosphate glass structure, [PO 4 ] tetrahedron is saturated by two Al 3? ions with the CN 4, and one with CN 6 and plus one cation Na ? . With the Al 2 O 3 content increase, the content of alumina in coordination 4 and orthophosphate [PO 4 ] groups increases accordingly [31] . When the ratio Al 2 O 3 /P 2 O 5 exceeds 0.63, glass network is made up mainly by the [AlO 4 ] and [PO 4 ] tetrahedra, joined each other by the bridging oxygen's-mixed alumino-phosphate network [32] .
It is quite surprising that increasing Na 2 SO 4 content in the glass melting temperature (Table 4 ) is almost constant, and half sphere temperature (Table 3) tetrahedra will take place for the PFAS30 glass in which the simulated waste loading is equal 30 mol%. For the higher waste content in the glass, Na ? cations are changing their role from the charge compensators to the glass network modifiers and start breaking the chains build of the structural units proposed in [13] . Thus, up to 30 mol% of Na 2 SO 4 , the melting and the half sphere temperatures are not decreasing, and above this threshold, when the role of sodium is changing, both of these temperatures are decreasing.
Influence of Na 2 SO 4 content on transformation temperature T g is presented in Fig. 4a . The T g temperature is reduced with the simulated waste addition which is causing decreasing the number of network forming cations which leads to reduction in the directional covalent bonds and at the same time increase the proportion of ionic bonds. Increasing the number of ionic bonds indicates that the structure becomes more flexible, and cations could move easier thus leading to reduction in the T g [19, 33] .
As was mentioned above, introduction of Na 2 SO 4 to the glass structure reduces the number of covalent bonds. These bonds because of its directional nature could lead to higher internal structural strains. The strains may cause the cracking of the bonds, which is less probable in the case of bonds of high ionicity. More the internal strain, the higher energy is accumulated in the glass network and lower energy is needed to break the bonds at the glass transition temperature [33] . It is supported by the fact that the transition of pure silicate glasses takes place with the very small change in C p [20] . Thus, increase in DC p with Na 2 SO 4 (modifiers) concentration is observed (Fig. 4b) . The heat capacity changes in the glass transition region could be a kind of measure of fragility of the glass. Strong liquids usually show smaller changes of DC p than fragile liquids [34, 35] . The observed DC p changes (Fig. 4b) indicate that the fragility of the glass increases with increasing Na 2 SO 4 content and is in a good agreement with weakening of chemical bonds in the glass structure reflected by a decrease in glass transition temperature (Fig. 4a) [35] . The higher fragile glasses are characterized by higher viscosity of the melt [36, 37] .
According to the model discussed above, 60P [16, 38] . According to XRD results in the investigated glasses at small Na 2 SO 4 content, below 30 mol% crystallization of similar phase is observed like berlinite type (Al,Fe)PO 4 and Na(Fe,Al)P 2 O 7 whose content is increasing (Table 5) which is almost always present in iron phosphate glasses [39, 40] . According to thermogravimetric results, which are not shown here, at crystallization temperature there is a observed small mass increase (approximately 0.3 %) for all of the investigated glasses. This small increase could be related to oxidation of iron from ferrous to ferric. For the higher concentration of Na 2 SO 4 formation of sodium-rich phase, Na 3 (Fe,Al) 2 (PO 4 ) 3 is detected. In the above structural model, changing sodium role from a charge compensator to a network modifier leads to brake of the chains building of the mentioned above units. To fully separate one structural unit, three Na ? cations are needed. The separated element is build of three Na, two Fe/Al and three P atoms, and thus, formation of Na 3 Form vitrification point of view, very important factors are glass waste mixtures melting temperature and stability against crystallization of the obtained glass. The glass waste mixtures start melting at temperatures which are much below 1500 K which can make them suitable for vitrification of volatile elements such as Cs. On the other hand, the K H parameter is at acceptable level but much below the level for borosilicate waste glasses which is in the range 0.8-1.3 [33] , and especially for the PFAS30 glass (K H = 0.187), there exists possibility of formation of crystalline inclusions. Partial crystallization of the product could be difficult to avoid during vitrification of radioactive waste when the melt is poured into big drums, and cooling rate of the melt is rather low. The highest degree of glass crystallization is obtained for the PFAS30 glass for which the K H value is the lowest and enthalpy of crystallization is the highest (Fig. 6 ). Comparing Figs. 5 and 6, it could be observed relation between K H value and enthalpy of crystallization DH. The highest thermal stability, the lowest the enthalpy of crystallization. Similar phenomena were observed earlier [16, 33] .
Conclusions
Thermal properties of 60P 2 O 5 -20Fe 2 O 3 -20Al 2 O 3 (mol%) glass, with increasing content of Na 2 O added to it as Na 2 SO 4 , being the simulator of the radioactive salt waste were investigated. It was demonstrated that the change in the properties with the glass chemical composition being the effect of internal structure rebuilding accompanying the sodium content increases.
It was shown based on thermal properties and crystal phases formation during the glasses crystallization, the structural role of sodium can change from the charge compensator of [FeO 4 ] and [AlO 4 ] tetrahedra to the glass network modifier.
The obtained results confirmed the structural similarity of the investigated glass to the 60P 2 O 5 -40Fe 2 O 3 .
